We show that polar materials are excellent targets for direct detection of sub-GeV dark matter due to the presence of gapped optical phonons as well as acoustic phonons with high sound speed. We take the example of Gallium Arsenide (GaAs), which has the properties needed for experimental realization, and where many results can be estimated analytically. We find GaAs has excellent reach to dark photon absorption, can completely cover the freeze-in benchmark for scattering via an ultralight dark photon, and is competitive with other proposals to detect sub-MeV dark matter scattering off nuclei.
Introduction.
The scope of dark matter (DM) searches in recent years has dramatically broadened beyond traditional candidates such as the weakly interacting massive particle (WIMP) and axion. Theoretically compelling candidates exist in hidden sectors consisting of DM and new light mediators, with numerous mechanisms for setting the DM relic density. These models have motivated a suite of new direct detection experiments, aimed at sub-GeV DM. SuperCDMS [1] [2] [3] , DAMIC [4] , SENSEI [5] , NEWS-G [6] and CRESST [7] are working to detect energy depositions as small as an eV from scattering of MeV mass DM, or absorption of eV mass DM. There are also proposals for eV-scale detection with e.g. atoms [8] , graphene [9] , liquid helium [10] , scintillators [11] , molecular bonds [12] , and crystal defects [13, 14] .
For DM in the 10 keV−GeV mass range, freeze-in DM interacting with an ultralight dark photon [15] [16] [17] [18] [19] or asymmetric dark matter [20] [21] [22] are compelling candidates. Freeze-in selects a clear target for the scattering rate, while there is also a wide parameter space of asymmetric DM. Other viable DM candidates below an MeV include DM scattering through a light scalar mediator coupled to nucleons [23, 24] . In the meV−eV mass range, dark photon DM can be absorbed in the same experiment.
To be sensitive to such light DM, a target must have a sufficiently small gap to excitations, as well as favorable kinematics for DM scattering. The first proposals included detecting sub-MeV DM scattering off electrons with a superconducting target [25, 26] , and off nuclei in superfluid helium [27, 28] . In these cases, the sensitivity to DM scattering via an ultralight dark photon was limited due to the strong in-medium screening in superconductors, and due to the limited polarizability in superfluid helium. Dirac materials have an excellent reach for this scenario [29] but such materials have not yet been produced in the quantities needed for direct detection.
In this Letter we argue that polar materials are an excellent target for sub-MeV DM, especially for scattering through an ultralight dark photon mediator. There are four reasons for this: first, these materials feature gapped optical phonons which can be thought of as oscillating dipoles. These dipoles have a sizable coupling to kinetically mixed dark photons; furthermore, the suppression from screening effects is much smaller than in other materials such as superconductors. Second, optical phonons are gapped excitations with typical energies of ∼ 30 meV up to ∼ 100 meV. This is kinematically favorable for subMeV DM, allowing meV energy depositions with low momentum transfer. Third, the anisotropy of the crystal induces a directional dependence in the DM scattering rate. Finally, similar to germanium and silicon, the technology already exists to make ultra pure polar materials in bulk.
Here we show that GaAs exhibits all of these features, with excellent sensitivity to scattering through dark photon and scalar mediators, as well as to dark photon absorption. Furthermore, GaAs has a relatively simple crystal structure, such that many results can be estimated analytically. In a future paper, we will explore sapphire (Al 2 O 3 ), where the more complex crystal structure is more suitable for directional detection [30] .
Optical Phonons in Polar Materials.
Optical phonons arise when there is more than one atom per primitive unit cell of a crystal. For GaAs, with two atoms in the primitive cell, the phonons consist of two transverse acoustic (TA) modes, one longitudinal acoustic (LA) mode, and similarly two transverse (TO) and one longitudinal (TO) gapped optical modes. Given a model for the effective ion-ion potential, the phonon frequencies are derived by solving a coupled set of differential equations for the ion displacements in the primitive cell (see e.g. [31] ): the acoustic modes have a linear dispersion ω ∝ q as q → 0, while the optical modes have non-zero frequencies ω LO,TO as q → 0. The acoustic (optical) modes describe oscillations where the ion displacements are in phase (anti-phase) in the q → 0 limit. The dispersions of all phonons in GaAs are shown in Fig. 1 ; we see that the typical momentum transfers allowed for light DM, in combination with the experimental threshold, greatly reduces the phase space for scattering off acoustic modes but not for optical modes. coupling to dark photons. If the atoms in the unit cell are identical (such as in Si or Ge), there is no net polarization associated with optical phonon oscillations. Instead, in GaAs the ions have net Born effective charges of ±2.1 [33] , resulting from the polar GaAs bond. The out-of-phase displacements of the optical mode therefore give rise to coherently oscillating dipole moments, which generate long-range dipole fields. This allows a coupling of the LO phonons to charged particles, including conduction electrons as well as DM coupled to an ultralight dark photon mediator, where in the latter case the DM effectively carries a tiny electric charge. Combined, the gapped dispersion and the dipole moment for optical phonons are crucial for polar materials to be effective targets for scattering and absorption of light DM.
The optical phonons also contribute to the optical response for energies below the electron band gap ω g , which is an important quantity in determining the sensitivity of a target to dark photon interactions. For ω < ω g , the permittivity of GaAs can be written as [34] 
where γ TO,LO are damping parameters and ∞ is the contribution of the electrons for ω < ω g ≈ 1 eV in GaAs. This result can be generalized in a straightforward way to polar materials with more optical phonon branches, by including a product over the different branches. Note that the dielectric function becomes close to zero at ω = ω LO : this reflects the fact that an LO phonon may be present in a material even without a driving external field [33] . The permittivity determines the screening of electric (and dark photon) fields, with 0 ≡ˆ (0) the usual dielectric constant. We use measured values of the GaAs phonon frequencies and damping constants at T = 4.2 K [35] , appropriate for a cryogenic experiment. In generalˆ (ω) is an O(1) number, without the strong screening that is typically present for free charges. Thus sensitivity to dark photon interactions is achieved due to the possibility of coupling to the polarizability and due to the relatively mild screening.
Experimental Concept. The success of polar materials for light DM searches requires the development of detection technology that can trigger on 30 meV -100 meV of vibrational excitations with minimal dark count rate. Traditional semiconductor and scintillation sensor techniques are not feasible since the energy depositions are below the electron excitation energies. Likewise, traditional low temperature calorimeters, where phonons are allowed to fully thermalize within the target before measurement in the temperature sensor, are not practical because the coupling of O(10 mK) phonons to the electronic system of the thermometer is extremely poor. One would need very large volume and heat capacity thermal sensors, which have large thermal noise [36] .
Consequently, only detector concepts wherein athermal phonon excitations are collected and sensed before thermalization are viable. One option is to absorb athermal phonons into a few-monolayer thick layer of superfluid He film on the target surface, which leads to evaporation of a He atom with some probability. These evaporated He atoms could then be either absorbed onto the bare surface of a small volume calorimeter (depositing both the kinetic energy and the binding energy of the He atom [37, 38] ) or ionized with large E-fields near a sharp metal tip and subsequently accelerated onto a calorimeter (depositing the total electrostatic potential energy [39] ).
A second possibility is to instrument the surface of a polar absorber with athermal phonon sensors [40, 41] , which have been employed by CDMS and also proposed for superconducting DM detectors [26] . High energy phonons produced by DM interactions quickly decay anharmonically into O(10 2 ) acoustic phonons with energies around O(meV). At this energy scale, both isotopic scattering and anharmonic decay timescales become long [42] compared to travel times across the crystal. The athermal phonons are thus either thermalized via surface down-conversion processes or collected by superconducting collection fins; in the latter case they produce quasiparticles which are detected in a small volume (and thus sensitive) Transition Edge Sensor (TES) or Microwave Kinetic Inductance Device (MKID).
Clean, well-polished crystal surfaces have been shown to have an athermal phonon surface thermalization probability of less than 10 −3 at 10 mK [43] , so only a small fraction (< 1%) of the total detector surface area must be instrumented to collect nearly all athermal phonons. Conceptually, this allows for O(1-10 meV) sensitivity with a 125 mm 3 absorber volume as shown in [26] . Radiogenic backgrounds (Comptons, 3 H, 210 Pb decay products) have typical energy scales that are much larger than the energies of interest here, and thus are not expected to be problematic given demonstrated capabilities for controlling such backgrounds [44] . The dominant remaining particle backgrounds in such an experiment are pp neutrinos, where a few events per kg-year can be expected [26] , and coherent scattering of high-energy photons [45] , which we estimate to be ∼ 50 events/kg-year accounting for structure effects. The latter background can be suppressed to the ∼ 10 −2 level with an active veto on the hard photon, and so we take the zero background limit for our projections.
Dark photon absorption. We first consider DM consisting of nonthermally-produced dark photons with kinetic mixing given by −κF µν F µν /2, for the mass range of ≈ meV -100 eV. The DM can be detected through absorption, where all of the mass-energy of the DM goes into the excitation. The absorption rate can be related to the optical properties of the material (see Ref. [46, 47] ):
where σ 1 is the absorption rate of photons, ρ is the mass density of the target and ρ DM = 0.3 GeV/cm 3 is the local DM density. κ eff is the in-medium coupling of A with the EM current, obtained by diagonalizing the in-medium polarization tensors for the photon and dark photon:
Π(ω) = −iσω is the photon polarization tensor in the q → 0 limit, valid for absorption processes where |q| ω. σ is the complex optical conductivity. From the optical theorem, the absorption rate is given by the real part of the optical conductivity,
. Finally, these quantities are related to the permittivity of a material bŷ =n 2 = 1+iσ/ω withn the complex index of refraction. To determine the reach on the kinetic mixing parameter κ, we use calculations of the sub-eV absorption coefficient in the T = 0 limit from Ref. [55] , supplemented with the optical conductivity data of Ref. [56] that extends up to 100 eV. The result is shown in Fig. 2, assuming 3 events for a kg-year exposure. The reach below 100 meV is obtained from absorption into phonon modes; there is resonant absorption into the LO phonon at m A ≈ 36 meV, as well as sidebands from multiphonon processes. The reach for m A > eV is due to electron excitations above the bandgap, considered before in Ref. [51] .
DM scattering via ultralight dark photon.
In this case we assume a fermionic DM interaction g X Xγ µ XA µ , in addition to kinetic mixing. Taking the limit m A eV, the results are best understood in the basis where X is effectively millicharged under the standard model photon with coupling κg X Xγ µ XA µ (see e.g. appendix D of [23] ). The interaction of X with an LO phonon is effectively that of a test charge with electric charge κg X . We can then follow the derivation of Shaded regions are stellar constraints [48, 49] , and direct detection constraints from DAMIC [50] , Xenon10 [46, 51] , Xenon100 [51, 52] , and CDMSlite [52] . The dotted lines are the projected reach with an Al superconductor [47] , Ge and Si semiconductors [52] , Dirac materials [29] and molecules [53] . See Ref. [51] for absorption on GaAs for m A > eV, and Ref. [54] for the reach of molecular magnets.
the well-known Fröhlich Hamiltonian for interactions of electrons with LO phonons in the long-wavelength and isotropic limit [33, [57] [58] [59] . These long-range interactions are important in explaining electron mobility data in polar materials, and have previously been computed for GaAs in Refs. [60, 61] . To obtain the interaction of DM with LO phonons in this limit, we rescale the original Fröhlich Hamiltonian by the electric charge ratio of DM to electrons, κg X /e. This coupling is well-suited to describe scattering of DM in the keV-MeV mass range, with corresponding low momentum transfer q keV. The resulting interaction is
where c † q and a † k are phonon and X creation operators, respectively. The coupling is
where e is the electric charge, 0 ( ∞ ) is the static (high frequency) dielectric constant, and V cell is the primitive cell volume. For GaAs, 0 = 12.9 and ∞ = 10.88 [34] . The above approximations are expected to break down for anisotropic crystals, such as sapphire, and for m X 1 MeV. For these DM masses, the typical momentum transfer becomes comparable or larger to the inverse interparticle spacing, requiring a description of processes where phonons are excited outside the first Brillouin zone. In addition, multiphonon processes are expected On the orange line the relic abundance can be explained by freeze-in [17] [18] [19] . The reach for mX < MeV is from scattering into LO phonons. For mX > MeV, the reach comes from considering GaAs as a scintillator for DM-electron scattering [11] . The blue region indicates stellar [62] and BBN constraints [63] , while the green region is a Xenon10 limit [8] . Projections for various experimental proposals are from Refs. [19, 25, 29, 64] (dotted lines).
to contribute and the scattering rate transitions to regular nuclear recoils for sufficiently large momentum and energy deposited. We therefore restrict to the sub-MeV mass regime, while other experimental proposals are well suited for MeV-GeV DM scattering (Fig. 3) . Using Eq. (4), we find that the scattering rate for X with initial momentum p i is:
with matrix element
The total rate per unit time and target mass is then given by R =
, where f (v) is a boosted, truncated Maxwell-Boltzmann distribution (see e.g. [65] ) with velocity dispersion v 0 = 220 km/s, Earth velocity v e = 240 km/s and escape velocity v esc = 500 km/s. To estimate the reach, we require 3 events for a kg-year exposure. As is conventional in the literature, we show in Fig. 3 the resulting sensitivity on κg X in terms of the DM-electron cross section,
where α em is the fine structure constant, m e is the electron mass, and µ Xe is the electron-DM reduced mass. We find that even with ∼ gram-month exposures, polar materials can reach the freeze-in benchmark. Away from the freeze-in line, a kg-year exposure can extend the reach of existing proposals by several orders of magnitude.
Scalar-mediated nucleon scattering. Finally we consider the case of sub-MeV DM with coupling to nucleons only, similar to what was explored in Ref. [27, 28] for multiphonon production in superfluid helium. The strength of such an interaction can be parametrized by the average DM-nucleon scattering lengthb n . GaAs improves over helium for several reasons: first, DM can scatter by exciting a single ∼ 36 meV optical phonon, rather than going through higher-order multiphonon interactions. Second, the speed of sound is ∼ 20 times higher in GaAs, such that the energy of acoustic phonons is higher and better matched to DM kinematics.
The differential DM scattering rate is
where p i is the initial DM momentum, and S(q, ω) is the dynamical structure factor, defined in the same way as for neutron scattering. In the long-wavelength limit, S(q, ω) is given by [66] 
where ν sums over the various phonon branches. The phonon form factor is Here we estimate the rate in the isotropic and longwavelength limit where W d ≈ 0 and the phonon eigenvectors have a simple form:
with m n the nucleon mass,b n the DM-nucleon scattering length and A Ga (A As ) the mass number of Ga (As). The + (−) sign applies to the LA (LO) branch, where both atoms are in phase (anti-phase). For a rough estimate when m X MeV, the phase factors in (12) can be neglected. Similar to the Fröhlich Hamiltonian, the analytic approximations made here are only valid in the sub-MeV mass regime; for larger masses, a reliable theoretical treatment requires a complete description of the phonon band structure over the Brillouin Zone as well as multiphonon processes, which are beyond the scope of this work.
The approximations made here are expected to break down for m X 1 MeV. For such masses, the typical momentum transfer becomes comparable to or larger than 4 . Sensitivity of GaAs to scattering off nucleons via a scalar mediator, with kg-yr exposure. We consider the projected reach due to production of LO phonons (ω = ωLO ≈ 36 meV) and that due to production into LA phonons as well, with an even lower threshold ω > meV. Also shown is the reach from multiphonon production in superfluid helium [27] .
the inverse interparticle spacing, requiring a description of processes where phonons are excited outside the first Brillouin Zone. In addition, multiphonon processes will contribute and the scattering rate transitions to regular nuclear recoils for sufficiently large momentum and energy deposited. We therefore restrict to the sub-MeV mass regime, while other experimental proposals are well suited for MeV-GeV DM scattering (Fig. 3) .
For scattering via a massless mediator, we also include a (m X v 0 /q) 4 form factor and express the reach in terms of the cross section per nucleon at a reference
2 . The result is shown in Fig. 4 , where we find a competitive reach with superfluid helium. The astrophysical and cosmological constraints on this scenario are rather tight but model dependent and hence not shown; see Refs. [23, 24] for details. The large difference in sensitivity for the optical and acoustic modes is due to the near cancellation in (12) for the optical modes, since A Ga ≈ A As . The phase factor in (12) also induces a directional dependence for producing optical phonons, which we will explore in future work [30] .
